The present research aimed to study the water sorption behavior of quinoa seeds analyzing the hysteresis phenomenon and determining thermodynamic properties. Static gravimetric technique was used to obtain the equilibrium moisture content of quinoa seeds in different temperature conditions (15, 25, 35 e 50 °C) and relative humidity (between 11 and 96%). Equilibrium moisture content data were adjusted by eight mathematical models and the Modified Halsey model was the best one to describe the water sorption phenomena of quinoa seeds. Hygroscopic equilibrium moisture content of quinoa seeds is directly proportional to the water activity and decreases with increasing temperature. The hysteresis phenomena were observed throughout the range of water activity, showing more evident at low temperatures. Integral isosteric heat and differential entropy decreased with the increase of equilibrium moisture content. Gibbs free energy decreased with the increase of temperature and equilibrium moisture content. Compensation enthalpyentropy theory was confirmed and the sorption mechanism is controlled by enthalpy.
INTRODUCTION
Quinoa (Chenopodium quinoa Willd.) is a pseudocereal cultivated in the Andean region for more than 7.000 years (Vega-Gálvez et al., 2010) and explored for food and feed. The protein content of quinoa is higher than other cereals, ranging from 15 to 17.5% (Stikic et al., 2012) . In particular, its amino acid composition is considered to be close to ideal, as recommended by Food and Agriculture Organization of the United Nations -FAO. In addition, the physical-chemical stability of its starch gives functional properties (James, 2009 ) and greater storage potential than oilseeds.
These seeds have a considerable porosity in the outer layer, providing moisture loss or gain easily (Spehar, 2007) . Since they are highly hygroscopic, the water content of the seeds is constantly influenced by the relative humidity of the air around them, and therefore they are always seeking hygroscopic equilibrium (Corrêa et al., 2005) .
The sorption isotherms (adsorption and desorption) are defined as a relationship between the total moisture content and the water activity in the food at the constant temperature. The knowledge basis of the adsorption and desorption isotherms is useful to ensure adequate storage conditions and to understand the phenomenon of hysteresis. The desorption isotherms have higher equilibrium moisture values than the adsorption isotherms at a given water activity. The lag between these two curves is called hysteresis (Wolf et al., 1972) .
Water activity is one of the variables that most affect the metabolic processes in agricultural products (Souza et al., 2015) . Consequently, the control of this variable during storage is of vital importance to ensure product stability. The present research had as main objective to study the mathematical modeling of water sorption isotherms of quinoa seeds in different conditions of temperature and relative humidity; investigate the alterations in thermodynamic properties (integral isosteric heat of sorption, differential entropy, Gibbs free energy, and enthalpy-entropy compensation theory) of sorption processes; and analyze the hysteresis phenomenon, aiming to provide information that allows planning of storage systems that guarantee the quality of the product stock.
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MATERIAL AND METHODS
The current study was developed in the Laboratory of Physical Properties and Quality Assessment of Agricultural Products belonging to the National Training Center in Storage (CENTREINAR), located at the Federal University of Viçosa, Viçosa, MG.
Quinoa (Chenopodium quinoa Willd) seeds were purchased in the local Viçosa/MG market. In order to obtain the equilibrium moisture content of quinoa seeds by desorption and adsorption processes, the static-gravimetric method was employed (Brasil, 2009) . Different temperature conditions (15, 25, 35 and 50 °C) and relative humidity (between 11 and 96%) were used until the product reached the equilibrium moisture content with the condition of the specified air. Mathematical models frequently used to represent the hygroscopicity of agricultural products was adjusted to the experimental data of equilibrium moisture content. The expressions are shown in Table 1 . 
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In which:
Ue -equilibrium water content, % d.b.;
aw -water activity, decimal, T -temperature, at ºC; a, b, c, d -coefficients of the models.
Engenharia Agrícola, Jaboticabal, v.38, n.6, p.941-950, nov./dec. 2018 Thermodynamic properties of quinoa seeds were obtained by the method described by Corrêa et al. (2012) as expressed by Equations 9 to 13.
aw -water activity, decimal;
Ta -absolute temperature, K;
Δhst -isosteric liquid sorption heat, kJ kg The adjustment of the mathematical models was performed by non-linear regression by Gauss-Newton method, using the software Statistica 7.0 ® . In selecting the best model to predict the equilibrium moisture content, was calculated the magnitudes of the standard deviation of the estimate (SDE) (Eq. 14), mean relative error (MRE) (Eq. 15), determination coefficient (R 2 ) and residual distribution. For a good mathematical adjustment, MRE must be less than 10% (Costa et al., 2015) , R 2 near unity (Kashaninejad et al., 2007) , SDE close to zero (Draper & Smith, 1998) , and residues randomly distributed (Alves et al., 2013; Corrêa et al., 2014) .
Yi -value observed experimentally; Ŷi -value estimated by the model; n -number of observed data, GLR -residual degrees of freedom (number of observed data minus the number of model parameters).
RESULTS AND DISCUSSION
The values of the parameters of the different hygroscopic equilibrium models fitted to the experimental data are shown in Tables 2 and 3. Tables 2 and 3 , it is observed that among the eight models tested, the Modified Halsey model was the most suitable to describe the desorption and adsorption phenomenon of the quinoa seeds, since the statistical parameters are in agreement with which is advocated by several researchers Chaves et al., 2015; Sousa et al., 2015) , such as, high coefficient of determination (R 2 ), mean relative error (MRE) until 10%, standard deviation of the estimate (SDE) reduced and aleatory residual distribution. These results are similar to those found by Goneli et al. (2016) , who also recommended the Modified Halsey model for the representation of the equilibrium moisture content, by desorption and adsorption, of castor beans.
The observed equilibrium moisture content data of quinoa seeds obtained by desorption and adsorptions, as well as their isotherms determined by the Modified Halsey model are shown in Figure 1 .
FIGURE 1. Values observed and estimated by the Modified Halsey model of the equilibrium water content of quinoa seeds obtained by desorption (A) and adsorption (B)
It can be observed that there is correspondence between the data estimated by the Modified Halsey model and experimental data. In both process (desorption and adsorption), the equilibrium moisture content of quinoa seeds is directly proportional to the water activity and decreases with increasing temperature, indicating low hygroscopicity of the material at high temperatures. Palipane & Driscoll (1992) complement that with the increase in temperature, the water molecules reach higher energy levels, becoming thermodynamically less stable, favoring the breaking of the connection between the water and the sorption sites, and thus reducing the moisture content of the product.
The isothermal curves showed a sigmoidal behavior, characteristic of type II curve, according to the classification of Brunauer et al. (1940) . Several authors also observed the same behavior in yam flour, jatropha seeds, corn beans, turnip seeds, crambe fruits, mucilage from chia seeds, orange powder, preckly pear and Lactuta sativa seeds (Siqueira et al., 2012; Smaniotto et al., 2012; Sousa et al., 2013; Costa et al., 2013; Hassini et al., 2015; Velázquez-Gutiérrez et al., 2015; Sormoli & Langrish, 2015; Solomon & Zewdu, 2016; Zeymer et al., 2017) .
Another relevant observation that can be made when comparing the generated isotherms is that, for all air conditions used, the values of hygroscopic equilibrium moisture content obtained by desorption were always higher than those obtained by adsorption, evidencing the phenomenon of hysteresis (Figure 2) . These results are in agreement with Goneli et al. (2013) studying sorption of water from coffee fruits, Souza et al. (2015) studying mango skin hysteresis and Campos et al. (2016) studying the hysteresis of bean grains.
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The phenomenon of hysteresis is explained by several authors. According to Lahsasni et al. (2004) , during the adsorption, the pore capillary of the grains begins to fill as a consequence of the increase of the relative humidity. When the partial pressure of water vapor from the air becomes higher than the vapor pressure in the capillary, the water moves into the pore. In desorption the pore is initially saturated. The diffusion of water from the periphery to the grain surface occurs only when the partial vapor pressure of the surrounding air becomes smaller than the vapor pressure inside the capillary. In addition, the same authors state that the differences between adsorption and desorption occur due to the wide variety of capillary diameters in the grain pore system. In Figure 2 it can be noticed the temperature dependence on the hysteresis phenomena of quinoa seeds.
Analyzing Figure 2 , it can be seen that the hysteresis (desorption equilibrium moisture content less moisture content of the adsorption) was more pronounced at lower temperatures, besides being observed throughout the water activity range, as verified by several authors (Bejar et al., 2012; Corrêa et al., 2014; Koua et al., 2014; Souza et al., 2015; Goneli et al., 2016) in orange peel, coffee fruits, cassava, turnip seeds and castor beans.
The dependence of the integral isosteric heat of sorption of quinoa seeds on the equilibrium moisture content is shown in Figure 3. Engenharia Agrícola, Jaboticabal, v.38, n.6, p.941-950, nov./dec. 2018 The results show a progressive increase in heat sorption at low moisture content. Bonner & Kenney (2013) stated that this occur because in the initial phase of sorption, there are high active polar sites on the surface of the product, which are covered by water molecules forming the monolayer. It results in stronger water-solid interactions.
It can be observed that the values of the integral isosteric heat of desorption process of the quinoa seeds were higher than the values of the integral isosteric heat of adsorption; however, the values tend to a common equilibrium value at higher moisture contents ( Figure 3A ). This trend indicates that desorption process requires lower energy in order to occur than adsorption process. These results support the findings of Bonner & Kenney (2013) and Corrêa et al. (2017) .
The differential entropy of sorption ( Figure 3B ) showed the same pattern as the integral isosteric heat of sorption. It is known that the entropy of a material is proportional to the number of sorption sites available at a specific energy level, which gives an indication of the state of water molecules mobility. Therefore, the water molecules showed increased mobility in the desorption process than in the adsorption process. The same result was reported by Goneli et al. (2010) in millet grains. Moreover, the differential entropy tends to decrease to a constant value at high equilibrium moisture content, indicating that the sorption process may be reversible to some value (Madamba et al., 1996) . Table 4 lists the equations adjusted to the experimental data of the isosteric heat and the differential entropy of sorption of the quinoa seeds obtained by desorption and adsorption. It can be noticed that the equations are suitable to predict the phenomena as the R 2 coefficients are greater than 99% and the regression coefficients shows statistical significance. Engenharia Agrícola, Jaboticabal, v.38, n.6, p.941-950, nov./dec. 2018 The Gibbs free energy is a thermodynamic function that represents the maximum amount of energy released in a process at constant temperature and pressure, which is available to be used. It is the balance between enthalpy and entropy. The effect of a change in water sorption in Gibbs free energy is generally accompanied by changes in enthalpy and entropy (Telis-Romero et al., 2005) . Gibbs free energy decreased with increase in temperature and equilibrium moisture content, and in the latter case, it tends to a constant value. This behavior was also observed in previous studies by Kaleemullah & Kailappan (2007) , Oliveira et al. (2014) and Sousa et al. (2015) . From Figure  4 , it can be observed that Gibbs free energy in the desorption process was higher compared to the adsorption process at temperatures of 15, 25, 35 and 40 °C, similar to results obtained by Kaleemullah & Kailappan (2007) . Figure 5 illustrates the enthalpy-entropy relationship with the water sorption process of the quinoa seeds. It was observed that a strong correlation exists between the two thermodynamic properties (enthalpy and entropy). However, only the difference between the harmonic mean temperature (Thm) and the isokinetic temperature (TB) may indicate that such relationship exists (enthalpy-entropy compensation theory). Thm was 303.86 K and the TB values are listed in Table 5 , thereby confirming the chemically linear compensation. Furthermore, as TB values were higher than Thm, it can be concluded that the sorption mechanism is controlled by the enthalpy (Corrêa et al., 2012) . Previous studies also made the conclusion that sorption was controlled by the enthalpy (Goneli et al., 2013; Corrêa et al., 2015 Corrêa et al., , 2017 . 99.99
CONCLUSIONS
The hygroscopic equilibrium moisture content of quinoa seeds is directly proportional to the water activity and decreases with increasing temperature;
The Modified Halsey model is the best one to represents desorption and adsorption isotherms of quinoa seeds when compared to other models tested; Engenharia Agrícola, Jaboticabal, v.38, n.6, p.941-950, nov./dec. 2018 The hysteresis phenomenon is observed throughout the range of water activity, and its magnitude is reduced with the elevation of temperature;
Exponential models were adjusted to the integral isosteric heat data and the differential entropy of sorption as a function of the equilibrium moisture;
Integral isosteric heat and differential entropy decreased with the increase of equilibrium moisture content; Gibbs free energy decreased with the increase of temperature and equilibrium moisture content;
Compensation enthalpy-entropy theory was confirmed and it can be concluded that the sorption mechanism is controlled by enthalpy.
